In recent years, magnesium alloys are attracting attention from aircraft and automotive industries because of their low density, high speci c strength and high damping capacity. However, magnesium alloys suffer from low ductility at room temperature. The improvement of ductility in AZ91D alloy through a new thermo-mechanical treatment (TMT) process was reported. This TMT process is based on simple uniaxial hot pressing in atmosphere. Uniaxial hot pressing was carried out at 673 K up to 67% compressive strain. After the hot pressing, the specimen was held isothermally at 673 K for various times. Hot pressed specimens were aged at 473 K. The specimen isothermally held for 3.6 ks showed tensile strength of 358 MPa and elongation to failure of 9.6%. Microstructural observation revealed that both high strength and ductility in AZ91D alloy were caused by the homogeneous distribution of ne intermetallic precipitates inside grains.
Introduction
Magnesium alloys are expected that they are applied to transportation equipment because of their superior characteristics including the low density, high speci c strength and high damping capacity. Reducing the weight of vehicle improves fuel-saving performance. 1) On the other hand, their poor ductility is in the way of using industrial applications. This is because they have hexagonal close-packed (hcp) crystal structure and limited number of slip systems. 2) Mechanical properties of magnesium alloys can be improved by additive alloying elements or thermo-mechanical treatment (TMT). It is known that calcium has a potential of the grain re nement in many magnesium alloys. 3, 4) Lu et al. 5) reported that the precipitation hardening in Mg-6Al alloy was accelerated by silicon addition. Severe plastic deformation, SPD, is one of the thermos-mechanical treatments. Grain re nement in magnesium alloys has been achieved through equal channel angular pressing (ECAP) 6) and high pressure torsion (HPT) 7) processes.
Mg-9Al-1Zn alloy is widely used as the die casting alloy. 8) However, it has coarse intermetallic compound β-Mg 17 Al 12 becoming the starting point of the fracture. 9) With the aim of overcoming this negative point and expanding applications, various research is underway. Kubota et al. 10) achieved the 13% elongation by extrusion for AZ91D alloy. Yuan et al. 11) achieved the 15% elongation by the solution treatment and ECAP of 12 pass and following aging treatment for AZ91D alloy. However, these studies are limited for small billets and not suitable for the manufacture of the large material. For the AZ91D alloy plate, Xu et al. 12) achieved the 24% elongation by the hot compression after the homogenization treatment for 100 h. In the previous study, the authors achieved the 25% elongation by accumulative diffusion bonding (ADB) pro-cess. 13) This is because the random texture development during ADB process enhanced ductility. However, these processes need long-time heat treatment and complex procedures. Recently, the authors reported that hot pressed AZ91D alloy plates exhibit excellent elongation over 20% without age hardening. 14) Improved ductility is due to a decrease in the casting defects by hot pressing.
It is noted that AZ91D alloy shows excellent proof stress by precipitation hardening. TMT process using hot pressing has a potential to improve the precipitation hardening behavior of AZ91D alloy. In the present study, the authors observe the microstructural evolution of AZ91D alloy during uniaxial hot pressing followed by age hardening. The relationship between the microstructure and mechanical properties of AZ91D alloy is clari ed through tensile tests.
Experimental Procedure
A cast AZ91D alloy plate with 3 mm thickness was prepared by the Japan Magnesium Association. The chemical composition is shown in Table 1 . The as-cast specimen was carried out solution heat treatment at 673 K for 64.8 ks. This sample is called as-cast SHT. The shapes of the starting plate are 45 × 30 × 3 mm 3 and 10 × 30 × 3 mm 3 . Schematic diagrams of the TMT process are shown in Fig. 1 . Uniaxial hot pressing is carried out using a hydraulic type compression machine (CONCRETO 2000X, Shimadzu). All specimens were held at 673 K for 0.3 ks before compression. Uniaxial hot pressing was performed at 673 K with 6.7 × 10 −2 mm/s compression speed. The samples were unloaded and aircooled down to room temperature. The thickness after hot pressing is 1 mm which correspond to 67% compressive strain. This sample is called HP 0 ks. After hot pressing, the * Age hardening treatment at 473 K was carried out using a thermostatic oil bath. Silicone oil was used as a heating medium. Age hardening curves were drawn by the results of Vickers hardness tests under the condition of 1.961 N load for 10 s. The measuring surfaces were vertical to press direction. Hardness was evaluated by the average of ve values except for the maximum and minimum ones.
The samples were performed grinding with SiC abrasive papers and polishing with DP-suspension and OP-S suspension. In the following, the samples were chemically etched using 4% picric acid. The samples before aging were conducted electropolishing with ethanol and phosphoric acid. Microstructure of etched specimens was characterized by JEOL JSM-6510A scanning electron microscope (SEM). EBSD analysis was also performed to measure grain size and texture characterization.
Tensile tests at room temperature were performed before and after aging treatment under constant crosshead speed of 1 mm/min by AUTOGRAPH (AG-50kNIS, Shimadzu). Here, aging treated (AT) specimens means peak aged specimens for 28.8 ks. In this study, two types of tensile specimens with gauge of 16 mm length, 5 mm width and 9 mm length, 3.5 mm width were prepared. The thickness of as-cast SHT and three hot pressed specimens were 3 mm and 1 mm.
High temperature tensile tests were conducted under temperature at 423 K and crosshead speed of 0.016 mm/s (initial strain rate of 1 × 10 −3 s −1 ) in air by SERVOPULSER (EHF-EV100k2-020, Shimadzu) universal testing machine. The specimens with gauge length of 16 mm and width of 5 mm were machined. The thickness of as-cast SHT and three hot pressed specimens were 3 mm and 1 mm, respectively. Testing temperature was controlled by electric furnace which temperature accuracy was 5 K. The specimen temperature was measured by a K-type thermocouple.
Results
SEM images of four AZ91D alloys are shown in Fig. 2 . Casting defects were observed in as-cast SHT ( Fig. 2(a) ). On the other hand, there was no casting defect in hot pressed specimens ( Fig. 2(b)-(d) ). The coarse eutectic β precipitates were observed at grain boundary in the HP 0 ks. Amount of these eutectic β precipitates decreased during 3.6 ks and 7.2 ks isothermal holding at 673 K after uniaxial hot pressing.
EBSD analysis was performed for compression surface of four samples before aging treatment. Inverse pole gures of four samples are shown in Fig. 3 . Average grain sizes of ascast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks were 28 μm, 9.5 μm, 11 μm and 17 μm, respectively. Therefore, dynamic recrystallization (DRX) occurred by uniaxial hot pressing and the grain size was reduced. The formation of texture was observed in uniaxial hot pressed samples. It was reported that hot pressing prompted development of basal texture. 14) There is no signi cant difference of texture in hot pressed samples. Therefore, the development did not stand on isothermal holding time. Casting defects were observed in as-cast SHT. During isothermal holding, the grain size increased with increasing the holding time.
Age hardening curves were determined at 473 K [ Fig. 4 ]. In early stage of aging, the hardness of specimens HP 0 ks and HP 3.6 ks are slightly higher than that of other specimens. The peak hardness was obtained in approximately 28.8 ks. The peak hardness of as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks were 89 HV, 99 HV, 100 HV and 93 HV, respectively. After the peak aging, hardness of all specimens was decreased.
SEM images at different age hardening times are shown in Fig. 5 . Three selected times, 3.6 ks, 28.8 ks and 346 ks, correspond to the conditions of early stage, peak aging and over aging, respectively. In all specimens, the precipitation preferentially occurred near the grain boundary. In the early stage of age hardening Tensile stress-strain curves at room temperature before age hardening are shown in Fig. 6(a) . The proof stresses were 111 MPa, 189 MPa, 157 MPa and 153 MPa in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. The tensile strengths were 188 MPa, 346 MPa, 316 MPa and 320 MPa in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. The elongations were 6.9%, 16.4%, 24.6% and 24.2% in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. Mechanical properties of HP 3.6 ks specimen were almost identical to those of HP 7.2 ks specimen.
Tensile stress-strain curves at room temperature after age hardening are shown in Fig. 6(b) . The proof stresses were 140 MPa, 213 MPa, 202 MPa and 206 MPa in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. The tensile strengths were 224 MPa, 336 MPa, 317 MPa and 351 MPa in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. The elongations were 2.6%, 5.4%, 6.3% and 8.9% in as-cast SHT, HP 0 ks, HP 3.6 ks and HP 7.2 ks specimens, respectively. Proof stress was signi cantly improved by age hardening at the expense of ductility. Hot pressed specimens showed similar mechanical properties after age hardening. Tensile stress-strain curves at 423 K before age hardening are shown in Fig. 7 . Tensile strength and elongation in hot pressed specimens were higher than those of as-cast SHT specimen. Hot pressing followed by isothermal holding for 3.6 ks is effective to increase the high temperature mechanical properties in AZ91D alloy. Its tensile strength and elongation to failure were 208 MPa and 29%, respectively.
Fracture surfaces of HP 0 ks and HP 0 ks AT specimens after tensile tests at room temperature are shown in Fig. 8 . There are no pores in the fracture surface of HP 0 ks specimen. The dimples were observed in the fracture surface of all specimens.
Fracture surfaces of as-cast SHT and HP 0 ks specimens after tensile tests at high temperature are shown in Fig. 9 . Fracture surface was almost the same as one in tensile test at room temperature.
Discussion
Not only hot pressing but isothermal holding has a signicant in uence in precipitation hardening behavior. Peak hardness of HP 0 ks and HP 3.6 ks specimens were higher than those of as-cast SHT and HP 7.2 ks specimens. This is due to high age hardening rate of HP 0 ks and HP 3.6 ks specimens at the early stage. It is considered that precipitation inside grains preferentially occurred in these specimens. Kernel Average Misorientation (KAM) value was calculated from EBSD observation. As a result, relatively high misorientation, high KAM value, inside grains was observed in HP 0 ks and HP 3.6 ks specimens. In general, the high misorientation inside grains is caused by high dislocation density. The authors assume that early precipitation preferentially occurred at the region of high dislocation density inside grains which is formed through hot pressing. Excess isothermal holding causes recovery due to decreased dislocation density. Therefore, the hot pressing followed by short isothermal holding is effective to improve the age hardening behavior in AZ91D alloy.
As reported in the previous research 14) , the major reason of the improved mechanical properties through hot pressing is a reduction of casting defects. In particular, hot pressing is effective to increase the ductility. Grain re nement by DRX during hot pressing also gives positive effects on the ductility. Dimples were observed in the fracture surface of hot pressed specimens. On the other hand, isothermal holding after hot pressing has positive and negative effects on the mechanical properties in AZ91D alloy. Tensile strength, 0.2% proof stress and elongation to failure before and after age hardening are plotted as a function of isothermal holding time [ Fig. 10 ]. Though the proof stress signi cantly increased after age hardening, the tensile strengths before and after age hardening are almost the same, which is caused by the reduction of ductility. Proof stresses before and after age hardening slightly decreased by increas- Fig. 6 Tensile stress-strain curves of AZ91D alloy specimens at room temperature (a) before and (b) after age hardening for 28.8 ks at 473 K. Fig. 7 Tensile stress-strain curves of AZ91D alloy specimens at 423 K before age hardening. ing the isothermal holding time. This is due to grain growth during isothermal holding. From the Hall-Petch relation, decrease in the proof stress is considered as a result of grain growth.
Reduction of the elongation after age hardening is due to hard intermetallic precipitates. At the short isothermal holding, coarse eutectic precipitates which causes fracture exist at the grain boundary. Elongation increases with increasing the isothermal holding time. Coarse precipitates at the grain boundary dissolve in the matrix during the isothermal holding, which is con rmed by SEM observation and XRD anal-ysis. 14) Reduced stress concentration at the precipitates results in high ductility of 25% in isothermally held specimens.
On the other hand, isothermal holding gives negative effects on the mechanical properties. As described above, grain growth and recovery during isothermal holding cause a reduction of proof stress. Therefore, uniaxial hot pressing followed by short time isothermal holding about 3.6 ks gives the highest mechanical performance in cast AZ91D alloy. Figure 11 shows the comparison of elongation to failure at room temperature and 423 K. Because of the activity of secondary slip system in hcp structure, all specimens showed high elongation at 423 K. Grain boundary sliding may assist the plastic deformation at 423 K. Present results indicate that TMT consisting of hot pressing followed by isothermal holding for 3.6 ks is effective to increase the plastic formability of AZ91D alloy. The plastic formability decreases at excess isothermal holding due to grain growth.
Conclusions
Uniaxial hot pressing followed by isothermal holding was carried out for cast AZ91D alloy plates. Hot pressed AZ91D alloys showed excellent tensile strength and ductility compared to cast AZ91D alloys. Uniaxial hot pressing followed by isothermal holding for 3.6 ks on AZ91D alloy enabled the removal of the casting defect and achieved the grain re nement. Moreover, the peak hardness (100 HV) was provided by aging treatment for 28.8 ks at 473 K. The large eutectic β precipitates were decreased by isothermal holding for 3.6 ks and 7.2 ks after the uniaxial hot pressing and ne precipitates exist densely within a grain by aging treatment.
In the high temperature tensile test, uniaxially hot pressed and isothermal held for 3.6 ks AZ91D alloys showed 208 MPa of tensile strength and 29% of elongation to failure. The improved mechanical properties are due to reduction of casting defects and coarse β precipitates which cause fracture and grain re nement by uniaxial hot pressing. These factors made AZ91D alloy easy to occur the activity secondary slip system and grain boundary sliding. Uniaxial hot pressing and following isothermal holding for 3.6 ks is the most effective TMT Fig. 11 Elongation to failure of hot pressed AZ91D alloy specimens at room temperature and 423 K. method to improve the ductility.
